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ABSTRACT
Using King-Mitchie Models, we compute encounter rates between the various stellar
species in the globular clusters ! Cen, and 47 Tuc. We also compute event rates for en-
counters between single stars and a population of primordial binaries. Using these rates,
and what we have learnt from hydrodynamical simulations of encounters performed
earlier, we compute the production rates of objects such as low-mass X-ray binaries
(LMXBs), smothered neutron stars and blue stragglers (massive main-sequence stars).
If 10% of the stars are contained in primordial binaries, the production rate of
interesting objects from encounters involving these binaries is as large as that from
encounters between single stars. For example, encounters involving binaries produce a
signicant number of blue stragglers in both globular cluster models. The number of
smothered neutron stars may exceed the number of low-mass X-ray binaries (LMXBs)
by a factor of 5-20, which may help explain why millisecond pulsars are observed to
outnumber LMXBs in globular clusters.
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1 INTRODUCTION
The products of stellar encounters are proving to be a power-
ful tool for investigating the life-history of globular clusters.
In this paper, we employ the cross sections for the formation
of detached or merged systems through two-body encounters
calculated from hydrodynamic simulations of stellar encoun-
ters (Benz & Hills 1987, 1991; Davies, Benz & Hills 1991,
1992, hereafter DBH91, DBH92) to compute the encounter
rates in the globular clusters ! Cen, and 47 Tuc using the
King-Mitchie models tted by Meylan (1987, 1989) for the
distributions of the various stellar species. We then consider
the role of encounters involving primordial binaries, using
the results obtained by Davies (1995). In applying what we
learnt from the encounters simulated with our SPH code, we
hope to address questions concerning the origins of objects
observed in globular clusters over a broad range of the elec-
tromagnetic spectrum: including radio objects such as mil-
lisecond pulsars (MSPs), objects visible in the optical such
as blue stragglers and blue subdwarfs, and X-ray binaries.
A clear illustration of our current fragmentary under-
standing of globular clusters is the current debate over the
?
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origin of MSPs. Under the standard model, MSPs are pro-
duced in low-mass X-ray binaries (LMXBs) where the neu-
tron star is spun-up as material is accreted from the Roche-
lled companion. However observations seem to suggest that
there are far more MSPs than LMXBs which, given their
comparable expected lifetimes, poses a problem for the stan-
dard model (Kulkarni et al. 1990). MSPs continue to be dis-
covered in ever-increasing numbers (Manchester et al. 1991).
This embarrassing profusion of MSPs coupled with the rela-
tive sparsity of LMXBs would seem to represent the nemesis
of the standard model.
Recent models of LMXB evolution have suggested that
these systems have radically shorter lives than previously
thought when the eects of the ux from the pulsar on
the Roche-lled companion are taken into account (Frank,
King & Lasota 1992), however these eects may be less than
at srt thought (see for example Ritter 1994). Although a
shortening of LMXB lifetimes may oer a part of the solu-
tion, recent observational evidence further befogs an already
murky picture of the processes at play in globular clusters.
Johnston, Kulkarni & Goss (1991) report a failure to de-
tect any MSPs in Liller 1, a rich cluster that is believed
to have one of the densest cores of all globular clusters in
the Galaxy. We therefore must conclude that the production
rate of MSPs, through whatever process is dominant in clus-
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ters, is not a simple function of cluster core density. Johnson,
Phinney & Kulkarni (1991) concluded from an analysis of
all published surveys of globular clusters that the number
of pulsars in a cluster, N
p
, is best tted by the relation
N
p
/ M
c

1=2
c
. Phinney & Kulkarni (1994) claim that this
power-law dependence can be explained by considering tidal
interactions with primordial binaries. Alternatively, a large
fraction of the observed MSPs may be formed via a mech-
anism know as Accretion Induced Collapse (AIC), as sug-
gested by Grindlay (1987). In AIC, a massive white dwarf
surpasses the Chandrasekhar limit by accreting material and
collapses to form a neutron star. Whether the star can avoid
complete disruption as a supernova is currently a matter of
very active debate within the astronomical community (see
for example Verbunt et al. 1989).
In reviewing the products of various encounters, and
examining the production rates of the various stellar exotica
we see in the simulations, we remain particularly vigilant for
any objects that may permit the accretion of material onto
the surface of a neutron star whilst conspiring to obscure
any X-rays produced through the accretion of matter. Cases
where a smaller amount of material is accreted may well be
important in producing MSPs of periods  10ms.
Blue stragglers are positioned on the upper end of the
main-sequence beyond the present day turn-o mass. They
have been observed in many globular clusters, including: M3
(Sandage 1953), M71 (Arp & Hartwick 1971), NGC 6352
(Hartwick and Hesser 1972), and NGC 5466 (Nemec & Har-
ris 1987). Severe crowding problems have, until recently, in-
hibited searches for blue stragglers in cores of dense clusters.
A study by Paresce et al. (1991) of the core of 47 Tuc, us-
ing the Faint Object Camera (FOC) on the HST, revealed a
high density of blue stragglers. Also recently, a study by Au-
riere et al. (1990), using the ESO NTT telescope, revealed
a population of blue stragglers in the center of the post-
collapse cluster NGC 6397. The current consensus in the
astronomical community attributes blue stragglers to one of
two possible mechanisms. They could have formed from col-
lisions between main-sequence stars, as such collisions lead
to the merger of the two stars and thorough mixing of the
material, resetting the \stellar clock" (Benz & Hills 1987).
Alternatively, such systems may have formed through the
coalescence of two main-sequence stars in an extremely hard
binary, or may still be a contact binary today (see for ex-
ample Margon & Cannon 1989, and Mateo et al. 1990). The
former mechanism may be more ecient at dredging up ma-
terial to the surface of the merged object, hence by deducing
the photospheric abundance of helium or heavier elements,
we may be able to infer which of these two mechanisms is
favored in globular clusters. In either mechanism, we would
expect blue stragglers to have masses larger than the ma-
jority of the stellar components of a globular and would
therefore sink in the gravitational potential of the core (in
a timescale comparable to the local relaxation time). This
expectation seems consistent with observations, with dis-
tributions being observed to be strongly centrally peaked
and estimates for blue-straggler masses falling in the range
1:0 1:6M

. If blue stragglers are indeed formed by the col-
lision of two main-sequence stars, these objects will provide
us with important information concerning the evolutionary
history of globular clusters.
Color gradients have been observed in post-collapse
clusters (Djorgovski et al., 1991 and references contained
therein), with the centers being somewhat bluer. It is un-
likely that cataclysmic variables (CVs) in the cluster cores
are the cause of the color gradient, as very little H emission
(CVs are strong in H) has been seen, at least in the cluster
M15 (Cederbloom et al. 1992). Alternatively, the color gra-
dient may be due to a population of blue subdwarfs. These
stars are positioned on the blue edge of the horizontal branch
in a color-magnitude diagram, and are thought to consist of
0:45M

helium-burning cores surrounded by an envelope of
mass  0:05M

. Several mechanisms have been suggested
for their production. Mass loss either during the horizontal
branch phase (Demarque & Eder 1985), or accompanying
the helium ash (Heber et al. 1984) have been suggested. Al-
ternatively, Iben & Tutokov (1984, 1985, 1986, 1987) believe
that such systems are produced by the merger of two helium
white dwarfs. Such stars in a tight binary will spiral in and
merge as angular momentum is lost though gravitational
radiation. Mengel, Sweigart & Demarque (1976) suggested
that two stars, of mass 0:8M

and 0:78M

, in a binary of
initial separation 0:7 0:8AU, may produce a blue subdwarf
from the primary as enough of its envelope would be lost in
mass-transfer to the secondary, as the former evolved up the
giant branch. However, if the initial binary separation were
smaller, mass transfer would remove the primary envelope
completely, leaving a He white dwarf. For greater initial sep-
arations, the primary would fail to ll its Roche Lobe on its
ascent up the red giant branch, and would produce a normal
horizontal branch star. One uncertainty in Mengel's calcula-
tions concerns the nature of mass-transfer. He assumes the
transfer would be conservative. In his models, mass transfer
occurs in a stable fashion, with the separation of the two
stars increasing as material is accreted by the secondary. If,
however, material { and angular momentum { are lost from
the system, the two stars may well spiral together. Djor-
govski et al. (1991) has suggested placing an 0:8M

star
in a hard binary with a low-mass He white dwarf. As the
primary lls its Roche Lobe, unstable mass transfer will en-
sue, leaving a common envelope system. If this occurs as
the primary is ascending the red giant branch, the core of
the star will in eect also be a low-mass He white dwarf.
The two white dwarfs will spiral together as the envelope is
ejected, ultimately leaving an extremely hard binary, whose
two components will spiral together and merge as described
by Iben and Tutukov.
A recent study of the core of M15 by Murphy et al.
(1991) demonstrated the existence of sources of emission in
the cores of the Ca II H and K absorption lines. Such emis-
sion is produced by chromospheric activity which has been
associated with a magnetic eld produced by a high rotation
rate (Hartman & Noyes 1987); alternatively it has been sug-
gested that a pulsation instability produces shocks that lead
to emission (Dupree et al. 1990), or that the emission lines
are simply indicative of low metallicity (Dupree & Whit-
ney 1991). An obvious way to produce a rapidly-rotating
star is to place it in a binary and synchronize stellar rota-
tion with orbital motion. Over the evolution of a globular
cluster, primordial binaries will either be broken up or will
harden. Of those surviving, the average spacing is expected
to lie between 0.2 and 0.5AU (Hut et al. 1991). In fact, a
binary produced through the tidal capture of a compact ob-
ject by a red giant is also likely to have a similar separation
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(DBH91, DBH92). The periods of many of these binaries
would be short enough to produce the requisite magnetic
activity giving the observed Ca II H and K lines. Thus it has
been suggested that the presence of emission in the cores of
the Ca II H and K lines could be used as a diagnostic tool
for inferring the distribution and abundance of binaries in
globular clusters. This tool could certainly be employed in
observing globular cluster cores with the HST.
This paper is organized as follows. In x2, we review the
King-Mitchie model for globular clusters and apply it to the
two clusters ! Cen, and 47 Tuc. In x3, we compute the cross
sections for binary formation and mergers between two stars.
The production rates from encounters between primordial
binaries and single stars are computed for the two globu-
lar clusters in x4. We compare the binary/single and single
star/single star rates in x5.
2 APPLYING KING-MITCHIE MODELS TO !
CEN, AND 47 TUC
We tted King-Mitchie models to two particular globular
clusters: ! Cen, and 47 Tuc, as has be done already by Ver-
bunt & Meylan (1988). Following Verbunt & Meylan (1988),
we model the stellar population by some power law, where
the number of stars having a mass betweenm andm+dlogm
is given by dN(m) / m
 x
dlogm. The stars are binned by
mass into dierent classes j and the stellar distributions
are computed using a distribution function having a low-
ered Maxwellian energy dependence (King 1966), with an
anisotropy term taking the form exp( J
2
) (Mitchie 1962).
For a further discussion of King-Mitchie models, see Davies
(1995).
Using the globular characteristics for ! Cen, and 47 Tuc
given by Meylan (1987, 1989), we reproduce his Model 7 for
! Cen, Model 13 for 47 Tuc. The properties of the two glob-
ulars are given in Table 1. Inspection of this table reveals
that the two globular clusters considered here are quite dif-
ferent. 47 Tuc has a far more compact core with a much
higher central density. In addition, their stellar populations
are quite dierent. For ! Cen, the stellar population is t by
a single power law, dN(m) / m
 x
dlogm, where x = 1:0. In
the case of 47 Tuc, two dierent values of x are employed.
For stars beneath the turn-o, x = x
ms
= 0:2. For stars ini-
tially more massive than the present day turn-o (0:88M

),
x = 3:0. Using these power laws the initial population (all
main-sequence stars) is computed for the two globular clus-
ters. Stars of mass  6M

are assumed to produce neu-
tron stars of mass 1:4M

(mass bin 12). Those of mass,
2:5M

M
?
 6M

produce white dwarfs which are placed
in mass bin 11, whilst those in the ranges, 1:5  M
?
 2:5
and M
turn o
 M
?
 1:5 are assumed to produce white
dwarfs which are placed in mass bins 9 and 10 respectively.
The last two mass bins have the same average masses as the
two most massive main-sequence star bins, i.e. mass bins 7
and 8. The fraction of stars contained in each mass bin is
shown for the two globular clusters in Table 2 together with
the average mass of stars in each bin, M
av
. We immediately
notice that the mass fraction of heavy remnants, i.e. stars in
mass bins 11 and 12, is greatly depleted in 47 Tuc because
of the steep power law employed for the initial population
more massive than the present-day turn-o mass. Instead,
Table 1. Properties of the globular cluster models for ! Cen and
47 Tuc.
Property ! Cen 47 Tuc

0
(M

/pc
3
) 4.0E+3 5.1E+4
M
tot
(10
6
M

) 3.34 1.06
r
c
(pc) 3.4 0.59
r
t
(pc) 74.0 69.0
r
a
=r
c
3.0 40.
v
0
(km/s) 16.8 10.3
t
rh
(10
9
years) 16.0 8.7
t
rc
(10
6
years) 490.0 12.0

0
is the central density, M
tot
is the total mass of the cluster,
r
c
the core radius, r
t
the tidal radius, r
a
the anisotropy radius,
v
0
the central velocity dispersion, t
rh
the half-mass relaxation
timescale, and t
rc
the central relaxation timescale.
this globular cluster contains more main-sequence stars close
to the turn-o mass. These dierences will manifest them-
selves when we compute the two-body encounter rates for
these three models in Section 5.
Using the globular cluster parameters given in Table 1,
together with the stellar populations given in Table 2, the
spatial distributions for each mass bin, together with their
velocity dispersions, was obtained.
To obtain the total stellar population in the core, we in-
tegrated the number densities of the various stellar species
out to a scale radius. The stellar population in the core of a
cluster diers from the IMF of the whole cluster; mass seg-
regation results in the core containing more massive stars.
This eect is more pronounced in more collapsed clusters
(i.e. clusters with a larger value of W
0
), as can be seen in
Table 2. The mass fraction contained in the various mass
bins in the cores of the two clusters is given in Table 2,
together with the mass fractions for the whole cluster. For
! Cen mass bin 12 makes the greatest contribution to the
central density, followed by mass bins 8-10. In 47 Tuc, the
cluster is suciently devoid of neutron stars that their con-
tribution is more than an order of magnitude smaller than
that from the bins containing the white dwarfs and the most
massive main-sequence stars. It will come as no surprise
when we see this observation repeated when we compute
the two-body encounter rates and nd that in 47 Tuc en-
counters between main-sequence stars and white dwarfs or
other main-sequence stars are more common than encoun-
ters between main-sequence stars and neutron stars.
3 ENCOUNTERS BETWEEN TWO SINGLE
STARS
Before we consider encounters between binaries and single
stars, we consider the rate of encounters between two single
stars, given the core models in Table 2. The rate of encoun-
ters between two stellar species, 1 and 2, passing within some
minimum distance, R
min
is given by
 
12
= 6 10
 9
n
1
10
4
pc
 3
n
2
10
4
pc
 3
M
1
+M
2
M


R
min
R

10kms
 1
V
1
yr
 1
pc
 3
(1)
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Table 2. The mass fraction contained in each mass bin for the
models of ! Cen and 47 Tuc.
mass nature ! Cen 47 Tuc
class M
av
MF MF
c
M
av
MF MF
c
1 MS 0.14 0.080 0.025 0.14 0.040 0.002
2 MS 0.18 0.080 0.028 0.18 0.050 0.004
3 MS 0.22 0.080 0.030 0.23 0.060 0.005
4 MS 0.28 0.080 0.034 0.28 0.080 0.008
5 MS 0.35 0.080 0.040 0.36 0.090 0.015
6 MS 0.44 0.080 0.049 0.45 0.110 0.032
7 MS 0.58 0.080 0.066 0.59 0.160 0.115
8 MS 0.73 0.080 0.089 0.77 0.210 0.467
9 WD 0.58 0.120 0.098 0.59 0.150 0.107
10 WD 0.73 0.070 0.078 0.77 0.040 0.089
11 WD 1.10 0.080 0.165 1.09 0.010 0.130
12 NS 1.40 0.090 0.299 1.40 0.001 0.025
For each model, we list the average mass of each mass bin (M
av
),
the mass fraction for the whole cluster (MF) and themass fraction
for the stars in the core (MF
c
).
Table 3. The production rates of various stellar systems.
Producing ! Cen 47 Tuc
MS{MS 1.19 4.50
WD{MS 1.64 6.13
NS{MS 1.36 0.33
MS{RG 0.22 1.78
WD{RG 0.18 1.75
NS{RG 0.15 0.09
The dierent systems listed are: main-sequence/main-sequence
star (MS{MS), white dwarf/main-sequence star (WD{MS), and
neutron star/main-sequence star (NS{MS) systems, (per 10
8
years) by encounters between single stars for the globular cluster
models for ! Cen and 47 Tuc. Also listed are the production rates
for encounters involving red giants (RGs).
where n
1
and n
2
are the number densities of the two species,
and V
1
is given by (Verbunt & Meylan 1988)

1
V
1

=
r
6

1
V
2
1
+ V
2
2
(2)
We use an analytic expression for R
min
suggested by Benz
and Hills (1991):
R
min
R
1
= 3:28 + 0:45 log

M
2
M
1

+ 0:22 log

M
1
M


R

R
1

(3)
We thus calculate the encounter rates between the various
stellar species for the models listed in Table 2; the results
being listed in Table 3, with production rates being given
in units of encounters/10
8
years. We assume here that all
close encounters between two main-sequence stars that be-
come bound produce blue stragglers if their total mass is
larger than the turn-o mass. We also listed the rates for
encounters involving red giants (assumed to be half the rate
for the most massive main-sequence stars). We can clearly
see that the core of 47 Tuc contains more massive main-
sequence stars than the core of ! Cen, as the event rate for
red giants is  1=4 that of the total in 47 Tuc, compared
to a gure of  1/6 in ! Cen. Not shown in Table 3 is the
distribution of rates over mass. Again we see the eect of
the atter IMF in 47 Tuc. A much larger fraction of the en-
counters in 47 Tuc involve the most massive main-sequence
stars compared to those in ! Cen.
There has been much debate concerning whether bina-
ries can be formed via tidal capture. Here we simply list
all close encounters between main-sequence stars and white
dwarfs and neutron stars. Some fraction of these encounters
may lead to binaries rather than a smothered compact ob-
ject. Simulations suggest that less than half the encounters
produce binaries (DBH92). If binaries are produced, they
will quickly circularise to separations  twice that of the
initial separation at closest approach (i.e.  6R
ms
). Such
tight binaries are likely to be brought into contact through
angular momentum loss from a magnetized wind from the
main-sequence star or red giant. Once brought into contact,
the subsequent evolution of a binary is a function of the
ratio of the masses of the two stars. Mass transfer will be
stable if the size of the main-sequence star's Roche Lobe in-
creases faster than the radius of the star, thus a necessary
but not sucient condition of stable mass transfer is that
the separation of the two stars increases. For conservative
mass transfer, this requires that the star lling its Roche
Lobe be less massive than its companion. In fact it has been
suggested that we require a larger value of the mass ratio to
produce stable mass transfer (Verbunt & Rappaport 1988,
Bailyn, Grindlay & Garcia 1990). Thus a fraction of the
detached binaries containing compact objects will not pro-
duce LMXBs or CVs. Rather these systems will produce a
merged object after an extremely brief period of unstable
mass transfer where the compact object will become smoth-
ered by the material from the main-sequence star. Such sys-
tems will be similar to those seen in closer encounters and
physical collisions.
Our simulations of encounters between neutron stars
and main-sequence stars showed that for physical collisions
and close encounters, the main-sequence star forms a highly-
attened envelope around the neutron star. The fate of such
a system is currently unclear as no one has modelled the
dynamical evolution of a system with a neutron star be-
ing smothered by an envelope. For more massive envelopes
(M
env
 4M

), a stable envelope distribution has been cal-
culated, using a stellar structure code. In these so called
Thorne-Zytkow objects, matter from the envelope will ac-
crete onto the neutron star until it becomes suciently
massive to collapse to a black hole. The accretion of only
0:025M

of material may be sucient to spin-up the neu-
tron star to a period of ' 10 ms, so perhaps some of the
MSPs observed in globulars have been formed from these
smothered-neutron-star systems. However it has been sug-
gested that lower mass envelopes are susceptible to insta-
bilities, shortening their life, and potentially decreasing the
mass accreted below a level of importance. Perhaps enough
material accretes onto the neutron star in the smothered
systems, whilst the envelope itself conspires to obscure the
X-rays until in the nal phases of the accretion either the
envelope becomes unstable or is blown o, thus leading to a
X-ray lifetime for the object much shorter than that of an
LMXB. Thus we will later be noting the relative number of
smothered neutron star systems to clean binaries we expect
will produce LMXBs.
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In DBH91, we concluded that a close encounter between
a red giant and a white dwarf would leave, after a com-
mon envelope phase, a white dwarf/white dwarf binary that
would spiral-in because of angular momentum loss by gravi-
tational radiation until the less-massive component lled its
Roche lobe. This process could potentially be unstable and
result in the formation of a thick disk around the more mas-
sive white dwarf (Benz et al. 1989). It has been suggested
that such an object would produce a core-helium burning
star visible as a subdwarf B star if the two compact ob-
jects are He white dwarfs. In addition, we concluded that
a close encounter between a red giant and a neutron star
will produce a similar system with the more massive white
dwarf replaced by the neutron star (DBH92). Again unsta-
ble transfer of the white dwarf onto the neutron star would
produce a thick disk of material. In this case, there is the
potential for the neutron star to accrete enough material
to spin it up to millisecond periods before the remainder
of the disk is disrupted without requiring any instabilities
to atten the object. In such a way it may be possible to
produce a MSP without rst passing through a long-lived
X-ray phase. An example of a system possibly produced by
a collision between a neutron star and a red giant is the 11
minute X-ray binary 4U 1820-30 (Bailyn & Grindlay 1987,
Verbunt 1987). In this system a white dwarf appears to be
transferring mass in a stable fashion to its neutron star com-
panion. Bailyn and Grindlay conclude that the mass of the
white dwarf is  0:09M

, hence if this system was produced
through an encounter between a red giant and a neutron
star, a common envelope phase must have begun when the
red giant had not evolved very far up the giant branch. In
other words, the neutron star must have struck a less-evolved
red giant than the one considered in DBH92. Alternatively,
Bailyn and Grindlay suggest that the neutron star rst en-
countered a main-sequence star, forming a detached binary,
later incurring mass-transfer when the latter star evolved o
the main sequence.
4 ENCOUNTERS BETWEEN BINARIES AND
SINGLE STARS
We now consider encounters between primordial binaries
and single stars. Owing to their larger cross section, such
encounters may be important even if their relative frac-
tion is low. Our studies (Davies, Benz & Hills 1993, 1994)
of encounters between binaries and single stars show three
main outcomes: the incoming star replaces one of the orig-
inal components forming a new, detached, binary in a so-
called clean exchange, the incoming star simply hardens the
binary without any exchange occuring { a so-called y-by,
or a merger between two of the stars occurs. In a compan-
ion work (Davies 1995), we described how we used a series
of three-body simulations to produce expressions for these
three outcomes; namely the exchange cross section, 
cx
; the
y-by encounter, 
fb
; and the cross section to form a merged
object, 
mb
. The last outcome bifurcates; the merged object
may be bound to the third star, producing a so-called merged
binary (MB), or it may be unbound, a event that has been
dubbed a scattering-induced merger (SIM).
We use the cross sections discussed above to simulate
the evolution of a population of binaries in the cores of !
Cen and 47 Tuc. We treat each of the cores of the two clus-
ters as a static sphere containing a population of stars cal-
culated by integrating the number densities of the various
stellar species out to a scale radius. In practice, the back-
ground of single stars will also be evolving, though the core
may be supported from collapse by the energy released from
the binaries. We imagine binaries diusing into the core, en-
countering a single star (or perhaps many single stars) and
producing some new binary/object. We neglect 2+1 encoun-
ters occuring outside of the core (this is not unreasonable
as only a small fraction encounters will occur outside of the
core). For a given binary, we compute its cross sections for
interactions with all the dierent mass classes of single stars,
select one at random (weighted by the cross sections) thus
producing a new object. If the new system is a binary that
is not ejected from the cluster, we repeat the process, thus
simulating subsequent encounters. If the new binary is re-
moved from the core, but not from the cluster, we estimate
a timescale for the binary to return to the core and rein-
sert it into the core after the computed delay. We refer the
reader to Davies (1995) for a more detailed discussion of the
computation of return times.
We considered subsequent encounters involving the bi-
nary until one of the following occurred: 1) a merged object
was produced in a scattering-induced merger (SIM), 2) the
binary was deemed to be likely to be broken up through an
encounter with a third star, 3) a single merged object (SMO)
was produced, 4) the binary was ejected from the cluster,
or 5) the binary was deemed to have come into contact via
inspiral from either a magnetized wind or gravitational radi-
ation. Additionally, in some runs we halted the evolution of
the binaries when a smothered neutron star was produced,
as the subsequent evolution of such an object is currently
unclear.
There are clearly a great number of parameters we can
vary; the cluster model, described by its IMF, and concen-
tration, the population of binaries we feed into the cluster
core, and their distribution of injection times. We also have
to decide how long to evolve the cluster binaries for. Finally,
we have to consider two stellar evolution issues; namely com-
mon envelope phases, and the treatment of smothered neu-
tron stars. If one of the components in a binary expands
to form a red giant it may engulf its companion to form a
common envelope system. In such a system, the core of the
red giant and its companion will spiral together as the en-
velope of gas is ejected, the change in the binding energy of
the two objects (E
g
) being equated to the binding energy
of the envelope (E
env
), within some eciency, 
ce
, where
E
env
= 
ce
E
g
. As the subsequent evolution of smothered
neutron stars is uncertain, we treat them in two ways, ei-
ther terminating the evolution of a particular binary as soon
as a neutron star is engulfed, or treating them in the same
manner as smothered white dwarfs assuming the envelope
expands to red giant proportions.
Rather than explore the full volume of parameter space
here, we show a restricted set, changing only one of the above
parameters at a time in an attempt to show trends.
4.1 Encounters in ! Cen
We consider rst encounters involving binaries in ! Cen.
In run 1, we injected 1000 binaries (each containing two
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Table 4. The outcomes of the evolution of binaries in various cluster models.
Cluster Run n
bin

ce
BP t
evol
t
inj
BS TDS contact binaries MGRI
XB CV SN SW BS NW WD
2
a
WD
2
b
NS
2

 Cen 1 1000 0.4 A 1 0.0 234 136 104 72 6 83 75 24 11 0 {
2 1000 0.4 A 15.0 0.0 101 35 9 6 1 10 26 0 0 0 {
3 5000 0.4 A 15.0 15.0 312 66 15 23 1 34 43 0 0 0 {
4 5000 0.4 C 15.0 15.0 230 61 12 9 0 17 46 1 0 0 {
5 5000 0.4 D 15.0 15.0 161 34 13 14 0 10 30 2 1 0 {
6 5000 0.4 D 15.0 15.0 146 { 16 16 0 8 24 0 0 0 0
7 5000 0.1 D 15.0 15.0 141 { 12 7 0 3 27 1 2 0 0
8 5000 0.1 D 1 15.0 939 { 371 183 53 168 558 378 88 10 223
47 Tuc 9 1000 0.4 B 1 0.0 491 34 8 89 4 99 114 11 67 5 {
10 1000 0.4 B 15.0 0.0 488 32 9 63 1 100 116 5 57 3 {
11 1000 0.4 B 15.0 15.0 442 19 3 50 1 74 65 4 34 1 {
12 1000 0.4 C 15.0 15.0 384 20 4 54 0 53 75 2 22 3 {
13 1000 0.4 D 15.0 15.0 352 22 3 58 1 39 77 2 26 0 {
14 1000 0.4 D 15.0 15.0 335 { 7 54 0 54 58 4 29 2 1
15 1000 0.1 D 15.0 15.0 382 { 2 34 1 35 53 10 35 0 1
16 1000 0.1 D 1 15.0 399 { 6 87 1 66 102 24 102 5 1
W
0
is the depth of the cluster potential (in units of the central velocit dispersion).  is the exponent of the power-law IMF. 
ce
is
the eciency in the common envelope stage. BP is the binary population: in type A, the initial binaries always contain two 0.73M

main-sequence stars, in type B they contain two 0.77M

main-sequence stars, in type C they contain two main-sequence stars drawn
independently from the IMF, with the extra criterian that their total mass > 1M

, types D and E are identical to type C except
that the minimum total mass is 0.6M

and 0.7M

, respectively. t
evol
is the total time the binaries were allowed to evolve (in Gyr),
with the binaries being initially injected into the core at a time drawn randomly between zero and t
inj
, given in (Gyr). BS is the
number of blue stragglers produced when two main-sequence stars collided during an encounter. TZO is the number of smothered
neutron stars produced (when this was one of the criteria for terminating the evolution of the binary). Contact binaries are those
systems brought into contact via angular momentum loss by magnetic winds. This outcome is further subdivided into: X-ray binaries
(XB) when the system contains a neutron star more massive then its main-sequence companion, cataclysmic variables (CV) when the
system contains a white dwarf more massive than its main-sequence companion, smothered neutron stars (SN) and smothered white
dwarfs (SW) when the compact obejects are less massive than their companions, and blue stragglers (BS) when both components
are main-sequence stars.
Systems brought into contact via gravitational radiation are labelled MGRI (mergers through gravitational radiation inspiral). This
outcome is further subdivided into: neutron star/white dwarf mergers (NW), white dwarf/white dwarf mergers (WD
2
), and neutron
star/neutron star mergers (NS
2
). WD
2
are further subdivided into those where the total mass exceeds the Chandrasekhar mass
(WD
2
a
) and those of smaller total mass (WD
2
b
).
0.73M

main-sequence stars) into the core and let them
evolve until one of the criteria descibed above was met. The
initial binary separations were chosen randomly with equal
probability in logd from the range 100R

< d < 533R

(the
upper bound is set from our requirement that the initial bi-
naries be resilient to break up from passing eld stars, a
condition which requires M
1
M
2
=d  0:001). In this run, we
stop the evolution of a binary as soon as a smothered neu-
tron star is produced, labelling the outcome as a thick-disk
system (TDS). We also adopted 
ce
= 0:4. In Figure 2 we
plot the nal outcomes of the 1000 binaries as a function of
when the outcomes occurred. The rst thing to note from
this plot is that a fraction of the binaries are not resolved
until much later than 15Gyr after they have been inserted
into the cluster core. In fact, some binaries would still exist
after  150Gyr. In other words, only a small fraction of the
binaries in the core of ! Cen will have suered many encoun-
ters. Figure 2 also tells us something about the chronology
of certain outcomes. Binaries are broken up, or SIMs occur,
from the rst encounters. However, we see that ejection and
binary coalescence events (labelled as contact and inspiral in
the gure) tend to occur later. This is not surpising; in the
case of ejections, the binary must rst harden via exchanges
and y-bys until the recoil is sucient to remove it from the
cluster. To produce a coalescence (labelled inspiral in the
gure), the binary rst passes through a CE phase, the two
compact objects being left  3R

apart. These two stars
then spiral together as angular momentum is lost through
gravitational radiation on a timescale  10  100Gyr. Bina-
ries are brought into contact as angular momentum is lost
via a magnetized wind from amain-sequence star component
of the binary, on a timescale  1   100Gyr. Single-merged
objects (SMOs) are produced only for encounters involving
hardened binaries hence are only seen after  10   100Gyr.
In Table 4 we list the frequencies of the various possible
outcomes. For the systems brought into contact by angu-
lar momentum loss from a magnetized wind we dierentiate
between ve possible outcomes: if a main-sequence star is
lling its roche lobe and transferring material to a neutron
star an LMXB will be produced if the neutron star is the
more massive of the two stars, otherwise the neutron star
will be smothered by the remains of the main-sequence star
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Figure 1. Final outcome of the binaries evolved in Run 1,
as a function of when the nal object was produced. SIM are
scattering-induced mergers, SMOs are single merged objects,
TDS refers to thick-disk systems (smothered neutron stars). Con-
tact refers to binaries brought together via magnetic breaking,
whilst inspiral refers to binaries brought togethervia gravitational
radiation.
(SN); we apply a similiar criterion for mass transfer onto
a white dwarf, producing either a CV if the white dwarf is
more massive, or a smothered white dwarf. This approxi-
mation is reasonable given the nature of these simulations.
Finally, if both components of the binary are main-sequence
stars, we tag the merged object as a blue straggler. This
is another mechanism for producing blue stragglers in ad-
dition to those produced directly through collisions of two
main-sequence stars during a 2+1 encounter.
For systems coalescing after losing angular momentum
via gravitational radiation, we distinguish between the fol-
lowing outcomes: the system may contain two neutron stars,
a neutron star and a white dwarf, or two white dwarfs. In
the latter case, we further distinguish between those systems
containing a total mass greater than the Chandrasekhar
limit (1.4M

) and those less massive.
Run 2 is identical to run 1 except we that we only
evolved the binaries for 15Gyr. Of the 1000 binaries, 807 of
them were unresolved after that time. In run 3, we injected
the binaries at some random time drawn evenly between
zero and 15Gyr, and evolved them up to a time of 15Gyr. In
order to increase the production rate of interesting objects,
we increased the number of binaries considered to 5000, of
these only 507 reached some end state. Reducing the evolu-
tion time to 15Gyr greatly reduces the number of mergers
occuring as a result of gravitational radiation inspiral. In
all three runs 1-3, the number of smothered neutron stars
produced exceeded the number of X-ray binaries. We know
that globular clusters are  15Gyr old, and we might expect
that binaries might enter the core continuously, hence run
3 may well be the most physical of the three. In this run,
we see that the number of smothered neutron stars exceeds
that of X-ray binaries by a factor  4.
In runs 4 and 5 we investigate the eect of changing the
properties of the injected binaries. Runs 4 and 5 were iden-
tical to run 3, except in run 4 the masses of the two stars
in the injected binaries were drawn independently from the
IMF, with the extra criterion that the total mass  1.0M

(run 4), and  0.6M

(run 5), the latter being the mean
mass of stars in the core. The binaries in runs 4 and 5 typ-
ically contain much less mass than those injected in run 3.
The reduction in total mass leads to longer encounter times,
and thus fewer encounters ( 100 more binaries remain un-
resolved in runs 4 and 5 compared to run 3). Fewer blue
stragglers are produced in runs 4 and 5 (276, and 191, re-
spectively) compared to run 3 (where the number was 355).
The ratio of smothered neutron stars to X-ray binaries is
reduced to  3.
In runs 6-8, we investigate the eect of assuming smoth-
ered neutron stars in binaries behave exactly like smothered
white dwarfs, with their envelopes expanding to engulf their
companion and enter a common envelope phase. Run 6 is
a rerun of run 5, whilst in run 7 we reduced the eciency
of the common envelope phase, 
ce
= 0:1, to see how much
this increased the number of mergers through gravitational
radiation inspiral (hereafter denoted as MGRIs), as the two
stars would be left closer after a common envelope phase.
In run 8, we repeated run 7, but let the binaries evolve un-
til they reached some end state, in order to investigate the
eect on the production rates of evolving the binaries for
a nite time. We note that the number of MGRI events is
very small in runs 6 and 7; the smothered neutron stars
are not now leading to mergers of two compact objects, in
15Gyr. We see from run 8 that if we can wait long enough,
the number of MGRI events is indeed increased, and the
number of neutron star/white dwarf and white dwarf/white
dwarf mergers exceeds the number of X-ray binaries. How-
ever, restricting ourselves to the rst 15Gyr of the binaries'
evolution, we conclude that if the smothered neutron stars
do indeed evolve as assumed in runs 6-8, then the number of
X-ray binaries produced will exceed the number of end-state
systems containing smothered neutron stars.
4.2 Encounters in 47 Tucanae
We now consider encounters involving binaries in the core
of the model for 47 Tuc. Runs 9-16 are exactly equivalent to
runs 1-8 for ! Cen, except in the last four runs we restrict the
injected binaries to systems having a total mass > 0.7M

(rather than the 0.6M

used in runs 6-8), as this gure is
closer to the mean mass of stars in the core.
In Figure 3 we plot the nal outcomes of the 1000 bina-
ries injected into the core in run 9. Comparison with Figure
2 clearly shows that the encounter timescale is much shorter
in 47 Tuc than in ! Cen, with virtually all the binaries reach-
ing their end states in less than 15Gyr. As was seen in Figure
2, binaries are broken up, or undergo SIMs, before any sys-
tems are ejected from the cluster (timescale  5-20 Gyr) or
merge via gravitational radiation of angular momentum loss
by magnetic winds (timescale  1-20 Gyr).
The number of smothered neutron stars X-ray binaries
produced in runs 9-16 compared to the number of blue strag-
glers is less than for the runs for ! Cen, owing to the relative
sparsity of neutron stars in the core of 47 Tuc, compared to
! Cen. For runs 9-13 (where we halted the evolution of a bi-
nary once a smothered neutron star was produced), the num-
ber of smothered neutron stars produced exceeded the num-
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Figure 2. Final outcome of the binaries evolved in Run 9 (la-
belling same as Fig. 2).
ber of X-ray binaries by a factor  4-6. The number of CVs
produced greatly exceeds the number of X-ray binaries in all
runs. Unlike the runs for ! Cen, the number of MGRI events
is signicant in all runs. If we assume white dwarf/white
dwarf mergers produce neutron stars when their total mass
exceeds the Chandrasekhar limit, then the number of MSPs
produced through this channel may be comparable to that
from smothered neutron stars.
5 COMPARISON OF 2+1 TO 1+1 RATES
We now compare the production rates of astrophysically in-
teresting objects by 2+1 encounters to those from encoun-
ters between two single stars. The encounter rates listed in
Table 3 are in units of encounters/10
8
years, hence assum-
ing both ! Cen and 47 Tuc are 15Gyr old, we must multiply
these numbers by 150 to obtain the total number of systems
produced. In the runs for ! Cen we injected either 1000 or
5000 binaries into the core. For 47 Tuc, we always considered
1000 binaries. We now have to consider how many binaries
we would expect to nd in the two cores. The total number
of stars in the cores of ! Cen and 47 Tuc are  6  10
5
,
and  4 10
3
respectively. Hence if we assume that  10%
of the stars are in binaries, then the number of binaries,
n
bin
 30000, and 2000. However if we only consider bina-
ries containing the most massive main-sequence stars (runs
1-4, and 9-11) and assume 10% of such stars are in binaries,
then the numbers are reduced to n
bin
 5000, and 1000.
In Table 5 we list the total expected production of blue
stragglers and systems containing compact objects assum-
ing the necessary adjustment factors discussed above. We
consider the rates from runs 3, 5, and 7 for ! Cen, and runs
11, 13, and 15 for 47 Tuc. Considering rst the blue strag-
glers, we see that in ! Cen, the number produced via 2+1
encounters greatly exceeds the number produced from en-
counters between two single stars. By contrast in 47 Tuc,
the numbers seem to be comparable for all three runs con-
sidered. Assuming blue stragglers live for  5Gyr, we would
expect ! Cen and 47 Tuc to contain  200{400, and  400{
500 such stars repectively. We should also note the eect
of changing the masses of the binary components. In runs
3 and 11, the components of the initial binaries are taken
to be turn-o mass main-sequence stars. In the other runs,
they are drawn from the full range of main-sequence star
masses. Comparing the number of blue stragglers produced
in runs 3 and 11 to the number from the other runs (rescaled
to the number of binaries injected), we see that the number
is larger in runs 3 and 11. This is no surprise; we are simply
injecting more massive main-sequence stars into the cluster
cores.
We next consider the number of systems produced con-
taining neutron stars. Looking rst at the results for ! Cen,
we see that the number of systems produced via 1+1 encoun-
ters exceed the number from 2+1 encounters (except for run
5). If we assume that all systems produced through 1+1 en-
counters are smothered systems, the number of smothered
systems will exceed the number of X-ray binaries by a fac-
tor  2  10. Considering now 47 Tuc, we note rst that the
number of systems containing neutron stars is very much
less than the number of blue stragglers or systems contain-
ing white dwarfs. This is because of the relatively low num-
ber of neutron stars in the cluster model; a large fraction
of those binaries producing objects of astrophysical inter-
est have formed systems containing one of the more plen-
tiful white dwarfs, or produced a blue straggler. We note
also that the shorter encounter timescale for 47 Tuc com-
pared to ! Cen leads to a larger number of MGRI events,
as the components of post common envelope phase systems
have had more time to spiral together. If we assume the
merger of two white dwarfs (where the total mass exceeds
the Chandrasekhar limit) produces a neutron star, such a
channel will produce roughly as many neutron-star systems
as 1+1 encounters, in 47 Tuc. If this is an important channel
for the production of MSPs, it might help explain why 47
Tuc has been found to contain many MSPs, whilst ! Cen
does not. Given an expected lifetime for an X-ray binary
of  1Gyr, we would expect to nd a few such objects in
! Cen and at most one or two in 47 Tuc, assuming 1+1
encounters produce only smothered systems. Neither clus-
ter contains a bright X-ray source, though both do contain
low-luminosity binaries, which may contain accreting neu-
tron stars (Hasinger et al. 1994, Johnston et al. 1994). The
absence of bright sources in both clusters does not tell us
much, as the expected number is only  unity.
In DBH92, we concluded that no more than half the sys-
tems produced in encounters between single neutron stars
and main-sequence stars would be clean binaries. If we as-
sume half do produce LMXBs (an upper limit), then the
ratio of smothered neutron stars to LMXBs will be  4 : 1
and  5 : 1 for ! Cen and 47 Tuc respectively. Hence even
in this extreme limit, we are producing far more smothered
neutron star systems than LMXBs.
Finally, we consider the systems produced containing
white dwarfs. In some sense a comparison of the 1+1 to
the 2+1 rates is misleading, as we have assumed in all 2+1
runs that a smothered white dwarf in a binary will essen-
tially form a red giant and engulf its companion to form
a common envelope system, and is not counted here. If we
assume that none of the systems produced in 1+1 encoun-
ters produce CVs, then we conclude that the number of CVs
prodcued will be much smaller than the number of isolated
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Table 5. The total number of systems produced over 15Gyr, via both single star/single star (1+1),
and binary/single star (2+1) encounters.
Cluster Run n
bin
BS NS WD MGRI
1+1 2+1 1+1 XB SN 1+1 CV SW NW WD
2
a
! Cen 3 5000 178 355 204 15 67 246 23 35 0 0
5 30000 178 1146 204 78 204 246 84 60 12 6
7 30000 178 1008 204 72 0 246 42 18 6 12
47 Tuc 11 1000 675 507 50 3 20 920 50 74 4 34
13 2000 675 858 50 6 46 920 116 78 4 52
15 2000 675 870 50 4 2 920 68 70 20 70
BS is the number of blue stragglers produced. Under NS we list the number of neutron stars
involved in 1+1 encounters, the number forming X-ray binaries (XB) via 2+1 encounters, and
those in smothered systems formed via 2+1 encounters. We list the equivalent three numbers for
white dwarfs underWD, with CV standing for cataclysmicvariables. As in Table 4, systems brought
into contact via gravitational radiation are labelledMGRI (mergers through gravitational radiation
inspiral). Here we subdivide this outcome into: neutron star/white dwarf mergers (NW), and white
dwarf/white dwarf mergers where the total mass is greater than the Chandrasekhar mass (WD
2
a
).
smothered white dwarfs. We expect the smothered white
dwarfs to evolve to form red giants; the compact object ac-
creting material as the envelope expands. In the case of the
most-massive white dwarfs smothered by the remains of a
main-sequence star, it is possible that it will accrete enough
material to exceed the Chandrasekhar mass, possibly form-
ing a neutron star via AIC. In ! Cen, the number of CVs
and X-ray binaries produced seem likely to be comparable,
whereas in 47 Tuc, the number of CVs will greatly exceed the
number of CVs. In all six runs for the two clusters consid-
ered here, the number of white dwarf/white dwarf mergers
occuring via gravitational radiation inspiral where the total
mass is less than the Chandrasekhar limit is negligible.
ACKNOWLEDGEMENTS
We thank Sverre Aarseth and Steinn Sigursson for useful
discussions, and the referee for their comments. MBD grate-
fully acknowledges support from an R.C. Tolman Research
Fellowship from Caltech. The work of WB was supported in
part by NSF Grant AST{0206378.
REFERENCES
Arp H. C., Hartwick F. D. A., 1971, ApJ, 167, 499
Auriere M., Ortolani S., Lauzarel G., 1990, Nature, 344, 638
Bailyn C. D., Grindlay J. E., 1987, ApJ, 316, L25
Bailyn C. D., Grindlay J. E., Garcia M., 1990, ApJ, 357,L35
Benz W., Bowers R. L., Cameron A. G. W., Press W. H., 1989,
ApJ, 348, 647
Benz W., Hills J. G., 1987, ApJ, 323, 614
Benz W., Hills J. G., 1992, ApJ, 389, 546
Cederbloom S. E., et al, 1992, AJ, 103, 480
Davies M. B., 1995, MNRAS, submitted
Davies M. B., Benz W., Hills J. G., 1991, ApJ, 381, 449 (DBH91)
Davies M. B., Benz W., Hills J. G., 1992, ApJ, 401, 246 (DBH92)
Davies M. B., Benz W., Hills J. G., 1993, ApJ, 411, 285
Davies M. B., Benz W., Hills J. G., 1994, ApJ, 424, 870
Demarque P., Eder J.-A., 1985, in Davis Phillip A. G., eds,
Horizontal-Branch and UV-bright Stars. L. Davis Press, Sch-
enectedy, p.107
Djorgovski G., Piotto G., Phinney, E. S. P., Cherno D. F., 1991,
ApJ, 372, L41
Dupree A. K., et al, 1990, ApJ, 361, L9
Dupree A. K., Whitney C., 1991, Nature, 354, 284
Frank J., King A. R., Lasota J.-P., 1992, ApJ, 385, L45
Grindlay, 1987, in Helfand D. J., Huang J. H., eds, The Origin
and Evolution of Neutron Stars. Kluwer, Dordrecht, p.173
Gunn J. E., Grin R. F., 1979, AJ, 84, 752
Hartmann L., Noyes R. W., 1987, ARA&A, 25, 271
Hartwick F. D. A., Hesser J. E., 1972, ApJ, 175, 77
Hasinger G., Johnston H. M., Verbunt F., 1994, A&A, 288, 466
Heber U., Hamann K., Jonas G., Kudritzki R. P., Simon K. P.,
Mendez R. H., A&A, 136, 331
Hut P., Murphy B. W., Verbunt F., 1991, A&A, 241, 137
Iben I. Jr., Tutukov A. V., 1984, ApJS, 54, 535
Iben I. Jr., Tutukov A. V., 1985, ApJS, 58, 661
Iben I. Jr., Tutukov A. V., 1986, ApJ, 311, 753
Iben I. Jr., Tutukov A. V., 1987, ApJ, 313, 727
Johnston H. M., Kulkarni S. R., Goss W. M., 1991, ApJ, 382, L89
Johnston H. M., Phinney E. S., Kulkarni S. R., 1991, in van den
Heuval E. P. J., Rappaport S. A., eds, X-Ray Binaries and the
Formation of Binary and Millisecond Pulsars. Kluwer, Dor-
drecht, p.349
Johnston H. M., Verbunt F., Hasinger G., 1994, A&A, 289, 763
King I. R., 1966, AJ, 385, 604
Kulkarni, S. R., Narayan, R., Romani, R. W., 1990, ApJ, 356,
174
Manchester, R. N., Lyne, A. G., Robinson, C., D'Amico, N., Lim,
J., 1991, Nature, 352, 219
Margon B., Cannon R., Observatory, 1989, 109, 82
Mateo M., Harris H. C., Nemec J., Olszewski E. W., 1990, AJ,
100, 469
Mengel J. G., Sweigart A. V., Demarque P., 1979, ApJS, 40, 733
Meylan G., 1987, A&A, 184, 144
Meylan G., 1989, A&A, 214, 106
Mitchie R. W., 1962, MNRAS, 125, 127
Murphy B. W., Rutten R. G. M., Callanan P. J., Seitzer P.,
Charles P. A., Cohn H. N., Lugger P. M., 1991, Nature, 351,
130
Nemec J. M., Harris H. C., 1987, ApJ, 316, 172
Paresce F., et al, 1991, Nature, 352, 297
10 Davies and Benz
Phinney E. S. P., Kulkarni S. R., 1994, ARA&A, 32, 591
Ritter H., 1994, Mem. Soc. Astr. It., 65, 173
Sandage A., 1953, AJ, 58, 61
Verbunt F., 1987, ApJ, 312, L23
Verbunt F., Lewin W. H. G., van Paradijs J., 1989, MNRAS, 241,
51
Verbunt F., Meylan G., 1988, A&A, 203, 297
Verbunt F., Rapparport S., 1988, ApJ, 332, 193
